A b s t r a c t
Introduction
Chronic stress is perceived and the response is coordinated by the brain. It has been well documented that uncontrollable stress induced dendritic remodeling in several brain regions [37, 39] . It has been reported that chronic stress for 21 days reduced the length as well as the number of dendrites and spines in the hippocampus [5] . The chronic stressinduced morphological changes may be correlated with the specialized functions of the prefrontal cortex (PFC) sub-regions in stress-related pathologies [30, 31] . Alterations in spine shape (stubby, mushroom or thin shaped) and number have been reported in neurodegenerative disorders, including depression [2, 28] . Previous studies have shown morphological changes in the pyramidal neurons in the PFC following chronic stress [30, 31] . Our previous study showed that stress affected behavioral tests, such as spatial learning and memory, anxiety, and anhedonia [23] . These behavioral changes might be accompanied by structural remodeling of the neurons including their dendrites. It has been reported that the changes in dendritic length and spine density are accompanied by impairments in the cognitive tasks selectively mediated by the mPFC [18] . These reports suggest that stress-induced remodeling in the mPFC may have distinct functional consequences. Previous studies have also demonstrated that chronic restraint stress changed the morphology of the neurons in the mPFC [32] . It has been reported that the prefrontal cortex shows alterations in the cerebral structures in depressed patients [19] . In addition, previous investigations have indicated reduced neuronal soma size in the prefrontal cortex [29, 32] . In spite of these reports that reveal the possible chronic stress-induced morphological changes of neurons in the mPFC, no studies have been carried out on the neuron volume, volume of neuron nuclei and neuron surface area.
Medial PFC plays a key role in controlling the hypothalamic-pituitary-adrenal (HPA) axis and regulates the stress response of other structures [8] . Depression shows a good response to pharmacological treatments, and among the various drug agents, selective serotonin reuptake inhibitors (SSRIs) and tricyclic antidepressants (TCAs) are widely used in adult patients [25] . Sertraline is an antidepressant which is used to treat major depression in adult patients. Its antioxidant and neuroprotective actions have also been reported in neurodegenerative diseases [43] . Curcumin is the principal curcuminoid of the popular Indian spice turmeric. It has been used to manage stress and depression related disorders in China [35] and is known to have anti-inflammatory, antioxidant, anti-carcinogenic, anti-microbial, and neuroprotective effects [3, 16] . The previous studies showed that antidepressant like action of curcumin, its use in major depression, these including, inhibitor of monoamine oxidase (MAO) enzyme, regulations the level of various neurotransmitters, promotes hippocampal [17] . In another study, curcumin was shown to protect the dopamine-producing cells of the substantial nigra area of the brain in a rat model of Parkinson's disease [17] .
The present study aimed to evaluate and compare the effects of a natural and a synthetic substance, i.e., curcumin and sertraline, on stress in an animal model. Design-based stereological methods were used to estimate the total dendritic length per neuron, density and morphology of the spines, mean volume of the neuron and nucleus and mean surface area of the neuron in the mPFC of rats. Mean volume was estimated using the nucleator method. Estimation of the neuron surface area received less attention and here the surfactor method was used for the estimation. In the method of length estimation presented here, there is no need for the time-consuming method of dendrite tracing using instruments such as the camera lucida. In addition, in the tracing method, some dendrites that are anterior or posterior to the dendrite might not be identifiable by the researchers.
Material and methods Animals
In this study, 42 adult male Sprague-Dawley rats (240 to 280 g) were obtained from the Laboratory Animal Center of Shiraz University of Medical Sciences, Shiraz, Iran. The Ethics Committee of the University approved the animal experiment (Approval No. 91-6124). The male rats were randomly assigned to experimental and control groups. Each group included 6 rats that were housed under standard conditions, room temperature (22-24ºC), and a 12 : 12 h light-dark schedule and had free access to water and food. The animals were divided into seven groups: (I) stress + water group daily receiving stress and distilled water, (II) stress + olive oil group daily receiving stress and olive oil, (III) curcumin group receiving curcumin (100 mg/kg/day) [23, 24] , (IV) sertraline group receiving sertraline (10 mg/kg/day) [43] , (V) stress + curcumin group daily receiving stress and curcumin (100 mg/kg/day) [23, 24] , (VI) stress + sertraline group daily receiving stress and sertraline (10 mg/kg/day) [43] , and (VII) the control group. All the animals received 1 ml of the medications by gavage.
Stress model
The animals were submitted to a chronic variable stress (CVS) regime over a 56-day period or remained in their home cages without stress manipulation [40] . The CVS is described in Table I .
Tissue preparation
The rats were deeply anesthetized and quickly decapitated. Then, the brain was exposed by an incision along the midline of the skull. A small amount of fixative was poured on the exposed brain immediately. Afterwards, the brains were removed and the left medial prefrontal cortex was dissected out 4.70-2.70 mm ventral and 2.20-1.40 mm dorsal to the Bregma [26] .
Estimation of total length of dendrite per neuron
Length estimation should be done on vertical uni form random sections [1, [9] [10] [11] 15] . Briefly, 9-10 cylinders were punched out using a trocar with 1 mm diameter perpendicular to the pial surface of the mPFC cortex (Fig. 1 ). All the cylinders of each animal were randomly rotated along their vertical axes and embedded in one paraffin block. Then, 100 µm thickness slabs were obtained using a microtome. The brain samples were transferred into freshly prepared chromatin solution containing 3% potas sium dichromate and 4% or 5% paraformaldehyde in either distilled water (i.e., not buffered) or PBS solutions with pH of 5.8, 7.4, or 7.6. The chromatin solutions also contained both 2% glutaraldehyde and 2% chloral hydrate. All the chromatin solutions were daily changed with freshly prepared solutions. After being kept in chromatin for 48 hours, the brains were washed several times with a 2% silver nitrate solution in distilled water before being incubated in silver nitrate for another 48 hours for heavy metal precipitation to occur. During the whole staining process, the brains were covered with aluminum foil to avoid light exposure [7] . Mean dendritic length per neuron was calculated using the following formula [11] :
dendritic length in the population Total number of neurons in the population
To estimate the length, a vertical section was considered. A cycloid grid and a counting frame were superimposed on the live images of the mPFC parallel to the vertical axis of the cylinder. Using a microscope (Nikon E-200) equipped with an objective lens (100×, numerical aperture of 1.4) connected to a computer, a fixed slab height of T (here 100 µm) was scanned inside the section thickness (Fig. 2) . To estimate the dendrite length per neuron, two quantities were measured: i) the number (Q -) of cell bodies of the neurons using the optical disector method, and ii) the total number of intersections (I) between the dendrite axes and the A) The vertical cylinders were punched out from the mPFC cortex vertical to its pial surface. B-C) The cylinder was randomly rotated along its vertical axis. The cylinders were sectioned using a microtome and mounted on a slide. A) Four cycloids were located at a rectangle. The length of each cycloid was equal to twice the length of its minor axis (r). The area associated with the cycloids was calculated by multiplying X by Y and dividing by the length of the four cycloids to achieve the area per length. B-C) When the sections were scanned, the number of cell bodies of the neurons was counted using the optical disector method and unbiased counting frame. The total number of intersections between the dendrite axes and the cycloid was counted (arrow head). The cycloid was positioned parallel to the vertical axis (arrow).
oriented cycloid (Fig. 2 ) [1, [9] [10] [11] 15] . The following formula was used:
Where "al" is the test area per cycloid test length, "asf" is the area associated with the cycloid grid divided by the area of the counting frame, and "M" is the final magnification at ×4000.
Estimation of density and morphology of dendritic spines
To estimate the density and morphology of spines, the above-mentioned dendrites were considered. Dendritic spines were identified as small protrusion that extended less than 3 µm from the parent dendrite. Dendritic protrusion was classified as spines when they exhibited a characteristic enlargement at the tip, including stubby form or mushroom-type spines. The spines without enlargement were defined as thin filopodia-like protrusions [4] . Spines were counted only if they appeared continuous with the parent dendrite. Density and morphology of spines were quantified and expressed as the number of spines per neuron [4] .
Estimation of mean volume of neuron and nucleus
The volume was estimated using the nucleator method. The mPFC was cut into isotropic uniform random pieces using the orientator method [9, 10] . They were embedded in a paraffin block, sectioned (25 µm thickness) and stained with cresyl violet. The neurons were sampled using an optical disector [9, 10] . For each sampled nucleolus, two horizontal directions (intercept, ln) were considered from the central point within the nucleolus to the cell or nucleus borders (Fig. 3) . From a series of these measurements (120-200 intercepts in each group), the mean nucleus and cell volume in the number weighted distribution was estimated using [9, 10] :
Estimation of mean surface area of neuron
The mean surface area of the neurons was estimated using the surfactor method. As mentioned earlier, to estimate the mean cell volume, the isotropic intercept emanating from the nucleus to the border of the particle was measured on the sampled cells using the disector principle (ln) (Fig. 3) . The acute angle β (0 < β ≤ π/2) between the intercept length and the tangent to the boundary of the cell at the point of the intersection was also measured. Finally, the surface area was measured using the following formula:
For the sake of simplicity, the angles were classified by the transparent protractor overlaid on the images. The protractor was a half circle which was divided into twelve 15° classes (Fig. 3) [13] . Fig. 3 . Nucleator and surfactor methods. A cell is sampled using an optical disector. For each sampled nucleolus, right and left horizontal directions are considered from the central point within the nucleolus (only right is presented here). The distance (intercept, ln) in both directions from the point to the boundary of the nucleus and the neuron borders is recorded and used for volume estimation. For surface area estimation, the isotropic intercept emanating from the nucleolus to the border of the particle is measured on the sampled cells (ln). The acute angle "β" (curved arrow) between the intercept length and the tangent to the boundary of the cell at the point of the intersection is shown. The angle is classified by the protractor, which was divided into twelve 15° classes (here 5).
Statistical analysis
The data were analyzed using the Kruskal-Wallis test and the Mann-Whitney U-test. P ≤ 0.05 was considered as statistically significant.
Results

Total length of dendrite per neuron
The results showed that dendritic length of the mPFC was reduced by 15% in the stress + olive oil in comparison with the stress + curcumin groups (p < 0.004). Further analysis revealed a significant decrease of 16% in the stress + distilled water in comparison with the stress + sertraline groups (p < 0.004) (Fig. 4) .
Density and morphology of spines
The analysis of dendritic spine densities in the mPFC showed that the stress reduced the spine densities. The results showed that total spine density was reduced by 50% on average in the stress (+ olive oil or + distilled water) groups in comparison with the control group (p < 0.01) (Fig. 5) . Analysis of spine morphology showed that density of the thin spines per neuron was reduced by 60% on average in stress (+ olive oil or + distilled water) rats in comparison to the control rats (p < 0.01) (Fig. 5) . The density of the mushroom spines was reduced by 40% on average in stress (+ olive oil or + distilled water) rats in comparison to the control rats (p < 0.01) (Fig. 5) . The stubby spines of the mPFC remained unchanged (Fig. 5) . The data revealed that treatment of the stressed rats with curcumin and sertraline prevents spine loss.
Volume and surface area of neurons
Mean volume of the neuron and nuclei in the mPFC was decreased by 14% on average in the stress (+ distilled water or + olive oil) rats in comparison to the control rats (p < 0.01) (Fig. 6) . Mean surface area of the neuron was decreased by 10% on average in the stress (+ distilled water or + olive oil) rats in comparison to the control rats (p < 0.01) (Fig. 6) .
The data revealed that treatment of the stressed rats with curcumin or sertraline prevents reduction of the volume and surface area of the neurons.
Discussion
The present study investigated the morphological changes of the dendrites and neurons in mPFC as a result of chronic variable stress using stereological methods. The results showed that chronic stress changes the morphology of dendrites and neurons in the mPFC. Moreover, this adverse stress effect was shown to be prevented by treatment with curcumin and sertraline.
Stress-induced remodeling in the mPFC has been suggested to have distinct functional consequences [18] . Therefore, evaluation of the dendritic morphology is a valuable parameter. The reduction in the dendritic length per neuron, density and morphology of spine is in accordance with the studies conducted by Cook and Wellman [5] , Izquierdo et al. [12] , and Shansky et al. [38, 39] showing stress to induce significant changes in the morphology of the pyramidal neurons and decrease in length of dendrites or retraction of the apical dendritic arbor in the pyramidal cells in the PFC. These changes in the dendritic length, density and morphology of the spine have been shown to be accompanied by impairments in the cognitive functions selectively mediated by the mPFC [18] . In general, the length estimation method mostly relies on tracing images of the dendrites. How ever, the technique presented here is a design-based stereological method and does not require tracing, which is a time-consuming procedure. In addition, tracing might be vulnerable to mistake when the branches cannot be traced on the obscure sides of the dendrites.
Our study revealed that chronic exposure to stress reduced the spine density in the mPFC and also reduced the thin and mushroom spines in mPFC, whereas stubby spines in the mPFC remained unchanged. However, it is hypothesized that thin and mushroom spines represent learning spines and memory spines, respectively. It is the result of their constant changing in response to neuronal activity (e.g., chronic stress) [36] . This is in accordance with our previous study showing that stress impairs learning and memory [23] .
The present study also indicated that chronic exposure to stress reduced the volume of neurons, neuron nuclei and surface area of neurons in the mPFC. Furthermore, clinical studies showed that structural brain modifications in depressed patients are similar to those found in animal models of chronic variable stress (such as decreased neuronal soma size and neuronal density) in the mPFC. The findings of this study are thus in line with previous reports of reduced neuronal soma size in the prefrontal cortex. Reduced neuronal soma size is also described in major depressive disorder [29, 32] . The surface area of the neuron is important in their functions and synaptic activities. However, this parameter has received less attention in histopathological research.
The chronic stress-induced factors that lead to these changes are not fully understood. Nevertheless, previous studies have shown that repeat- ed stress reduced dopamine [22, 27] , noradrenalin [14] , and serotonin in the mPFC [20] . Experimental findings also emphasize that serotonin changes spine density and dendrite length in the mPFC by acting on 5-HT receptors [21] . The mPFC seems to be severely sensitive and reacts faster to stressful events [41] . Glucocorticoid receptors are present in the mPFC of rats. Also, catecholamines and glucocorticoids are the key mediators of the stress response and release upon the nervous system [8, 34] . The medial prefrontal cortex plays a key role in controlling the hypothalamic-pituitary-adrenal axis and regulates the stress response of other structures [8] . The present study also demonstrated that sertraline and curcumin had protective effects on the morphological changes of dendrites and neurons of the mPFC destroyed by stress. Selective serotonin reuptake inhibitors are the most widely prescribed antidepressants today and exert their antidepressant-like effects by inhibiting the neuronal reuptake of serotonin and increasing the synaptic concentrations of serotonin. Sertraline treatment also reduced acetylcholinesterase enzyme levels in all regions of the brain [43] . Previous studies showed that fluoxetine (a selective serotonin reuptake inhibitor) could cause an increase in the total dendritic length in CA1 but not in the dentate gyrus [25] . Our finding is also in accordance with these reports. The effect of curcumin was also evaluated and compared with sertraline in the present investigation. This compound showed the same protective effects as sertraline on dendrite length after stress induction. Although the mechanism of the antidepressant effect of curcumin is not completely understood [16] , previous studies have reported that antidepressant effects may be obtained by several mechanisms, such as inhibition of serotonin uptake [6, 33] . In addition, curcumin is an antidepressant which is well proven in inhibiting the monoamine oxidase enzyme and modulating the release of serotonin and dopamine [16] . However, evidence has shown that curcumin administration also increased hippocampal neurogenesis in chronically stressed rats by modulation of the hypothalamic-pituitary-adrenal axis and regulation of 5-HT1A receptors as well as the brain-derived neurotrophic factor in the hippocampus [42] . This idea is supported by the finding that antidepressants can promote neurogenesis [42] . As it appears, different factors might be effective in curcumin's mechanism of action. However, to our knowledge, no studies have been conducted on the effects of curcumin on the dendritic and neuron morphology after stress. In conclusion, the present findings demonstrate that curcumin and sertraline could protect against the adverse effects of stress on dendritic length, density, morphology of the spine, volume of neurons, volume of neuron nuclei and surface area of neurons of the mPFC.
